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Abstract 
In this study, a theoretical analysis of a solar field augmented by a fixed ref-
lector placed in the front between the top of the preceding row and the bot-
tom of the succeeding row is presented. An analytical model has been devel-
oped and used to estimate the solar irradiation. The analytical model is based 
on the anisotropic sky model, assuming an infinite length of collector and ref-
lector rows. A simulation has been carried out in order to figure out the beha-
vior of the solar field and to find the optimum design parameters of the solar 
field leading to a maximum solar energy augmentation. The results obtained 
are depicted synoptically as a relationship between the solar field design pa-
rameters and the latitude angle, and this presentation enables us to determine 
the optimum design parameters in order to achieve the intended percentage 
improvement of solar radiation incident on the solar field rows at any location 
on the Northern hemisphere, which presents the novelty of this research. Also 
we have introduced a new parameter named “the effective height of the col-
lector”, which presents the portion of the collector’s height illuminated by the 
reflector. This parameter is very important especially in case of PV solar fields, 
because it determines the domain of the concentrated solar energy over the 
surface of the PV panel. 
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1. Introduction 

Many concentrator types are possible for increasing the flux of radiation on re-
ceivers. They can be reflectors or refractors. They can be cylindrical to focus on a 
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“line” or circular to focus on a “point”. Receivers can be concave, flat or convex. 
Tubular absorbers with diffuse back reflector, tubular absorbers with specular 
cusp reflector, plane receiver with plane reflectors; parabolic concentrator; fres-
nel reflector; array of heliostats with central receiver are types of concentrating 
collector configurations. The simplest and most inexpensive means for increas-
ing the solar energy flux incident onto a surface is to attach one or more planar 
reflectors to the main harvester system. Concentration devices can produce ele-
vated operating temperature under clear sky conditions, but require good optical 
components, more precise construction techniques and generally a mechanism 
for tracking the sun. A reflector augmenting a collector is, however, the best so-
lution at utilizing both diffuse and beam (direct) radiation, while providing a 
moderate concentration with minimal tracking [1]. The cost of the plane reflec-
tor is less than 5% of the cost of the PV system, while it can provide more than 
15% yearly enhancement in solar energy collection inside soar energy devices. So, 
plane reflectors are very promising as an ideal method of improving the effi-
ciency of PV modules with minor cost [2]. The feasibility for the addition of flat 
reflectors to PV panels is techno-economically investigated in [3] for various ap-
plications (building attached PVs, ground installations, grid-connected or stand- 
alone units), various constructions and various PV types (mono-crystalline and 
amorphous silicon PV panels). External reflectors have been analysed theoreti-
cally and in some works also experimentally for a single solar collector in litera-
ture [4] [5] [6] [7] [8]. Reflector in front of a collector is one of the options for 
improving the performance and cost-effectiveness of large collector fields. In so-
lar fields the distance separating the rows has to be large to minimise shadowing 
effects early and late in the year. At high latitudes, a lot of solar radiation falling 
between the collector rows is not used in the summer. By introducing reflectors 
between the collector rows, most of this energy can be utilized by the collectors, 
reducing both the collector and land area requirements for a given load. Besides 
all these works the passivity side of reflector deployment in solar fields still un-
der argumentation.  

In this paper we present a modeling study of PV (photovoltaic) and/or ther-
mal collectors with the aim of predicting the enhancement of the annual radia-
tion harvested by a solar collector due to matching with the reflective surface, 
mounted diagonally between two adjacent rows. In this regards we have per-
formed a theoretical analysis on a tilted collector and reflector system in order to 
determine the optimal angle of collectors corresponding to a specific solar field’s 
design parameters and for any location on the Northern hemisphere. A cross 
section of a collector array with reflectors is shown in Figure 1. 

We normally choose a tilt angle for solar collectors and plane reflectors in so-
lar field installations, this increases the energy yield and decreases the losses due 
to collector and reflector dirtying compared to horizontal systems. Practically 
the reflector may be divided into two parts in such manner, that the upper part 
of the reflector ( ,r upperL ) is equal to the collector projection on the vertical plane 
( , sinr upper c cL L S≅ ), so the reflector can plait in order to allow technicians to pass  
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Figure 1. Deployment of stationary solar collector arrays with plane reflectors on a solar field. 

 
through the space between the rows for cleaning or maintenance purposes. The 
shadow is not involved in this study because the reflector is not shadow causa-
tive in this arrangement, according to the study assumptions. 

2. Solar Radiation on a Single Tilted Surface 

For purposes of solar process design and performance calculations, it is often 
necessary to calculate the hourly radiation on a tilted surface. There are many 
models and softwares developed and utilized by researchers to estimate solar ir-
radiance and PV-array performance in solar fields. The National Renewable 
Energy Laboratory System Advisor Model (SAM) is used four radiation models 
included in the TRNSYS radiation processor within SAM: Perez, Hay & Davies, 
Reindl, and isotropic sky. While in the EnergyPro is used the Reindl model.  

The model considers the anisotropy diffuse sky model formulated by Hay and 
Davis [9]. This model is suitable for clear conditions, and most of the diffuse will 
be assumed to be forward scattered [10]. It includes components of beam di-
rectly from the sun and diffuse irradiation from the circumsolar and the sky 
dome, and beam and diffuse irradiation reflected from the ground. The total so-
lar radiation ( ,

t
s TI ) on a tilted surface at slope ( sS ) from the horizontal for an 

hour as the sum of three components is given as: 

( ) ( )
( ) ( ) ( )

, , , , , ,

2
, , 1 , W m

t t t t t t t t
s T b d cs b s d iso s sky b d cs d iso g s g

t t t t t t t t t
s T b i d b s i d s sky b d g s g

I I I R I F I I I F

I I A I R A I F I I F

− −

− −

= + + + + +

 = + + − + +  




   (1) 

where t
bI  is the hourly beam radiation from the sun on a horizontal surface, 

,
t
d csI  and ,

t
d isoI  are the hourly diffuse radiation parts of the circumsolar and the 

isotropic on a horizontal surface, so the total diffuse radiation on a horizontal 
surface will be equal to the sum of these two components , ,

t t t
d d cs d isoI I I= + , hav-

ing neglected the horizon brightening diffuse radiation component, according to 
Hay and Davis anisotropic sky model. The circumsolar component can be ex-
pressed as: ,

t t t
d cs i dI A I= , in where t

iA  is the anisotropic index which is a func-
tion of the transmittance of the atmosphere for beam radiation and then  

t
t b
i t

o

I
A

I
= , where t

oI  is the hourly extraterrestrial radiation on a horizontal sur-
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face [9], which equal to: 

23601 0.033 cos , W m
365

t t
o sc z

nI G θ   = +                  
(2) 

where scG  is the solar constant (1367 W⁄m2), n is denotes to day of the year, 
and t

zθ  is the solar zenith angle at the time and day of interest. 
The ,

t
b sR  is a geometric factor which presents the ratio of beam radiation on 

the tilted surface to that on a horizontal surface at any time, ,
,

cos
cos

t
i st

b s t
z

R
θ
θ

=  in  

where ,
t
i sθ  is the solar incident angle and calculated from the following equa-

tion [9], with the corresponding azimuth surface angle sψ  and tilt angle sS : 

( )1
, cos sin cos cos cos sint t t t

i s s z s s zS Sθ θ φ ψ θ−  = − +          
(3) 

and t
zθ , is the solar zenith angle; and tφ , is the solar azimuth angle. 

[ ]1cos sin sin cos cos cost
z L L hθ δ δ−= +              (4) 

1 sin cos cos sin coscos
sin

t
t
z

L L hδ δφ
θ

−  −
=  

 
             (5) 

where: L denotes the local latitude, angle δ  is the declination angle, and h  is 
the hour angle: ( )15 12.0sh t= −  in where st  presents the solar time. And g  
is the ground-reflectivity, s skyF −  and s gF −  are the collector-sky and collec-
tor-ground view factor, respectively. For a single tilted surface, the view factors 
are [10]: 

1 cos
2

1 cos
2

s
s sky

s
s g

S
F

S
F

−

−

+
=

−
=

                     

 (6) 

In this paper, the ASHRAE clear-sky model is adopted to estimate the hourly 
beam normal ( t

bnI ) and diffuse ( t
dI ) solar radiation. The ASHRAE clear-sky 

model appears to be general enough for the objective of the paper; furthermore, 
we don’t need to any information about the location of interest, except for the 
latitude angle. 

The direct beam radiation and sky diffuse are calculated from the following 
formula [11]: 

cose

cos

t
z

B
t
bn
t t t
b bn z
t t
d bn

I A

I I

I CI

θ

θ

−

=

=

=                         

(7) 

where A, B and C are constants for every day and are given in Table 1 for the 
21st day of each month [11]. 

The optimum tilt angle had been early calculated in [12] and was found as: 
2

, 1.5 1.35 0.01069s optS L L= + −                  (8) 

The annual solar radiation incident on a single tilted surface has been calcu- 
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Table 1. Constants for ASHRAE equations for the 21st day of each month. 

Months A, W.m−2 B, dimensionless C, dimensionless 

January 21 1230 0.142 0.058 

February 21 1215 0.144 0.060 

March 21 1185 0.156 0.071 

April 21 1135 0.180 0.097 

May 21 1103 0.196 0.121 

June 21 1088 0.205 0.134 

July 21 1085 0.207 0.136 

August 21 1107 0.201 0.122 

September 21 1151 0.177 0.092 

October 21 1192 0.160 0.073 

November 21 1220 0.149 0.063 

December 21 1233 0.142 0.057 

 

 
Figure 2. The optimum surface tilted angle and the corresponding annual solar radiation 
vs. latitude angle. 

 
lated for comparison purpose. Figure 2 illustrates the optimum surface tilted 
angle and the corresponding annual solar radiation for various latitudes on the 
Northern hemisphere. 

3. Geometry of the System 

The flat concentrator system to which we will refer, to quantify the amount of 
radiation incident on the collector is extended diagonally from the top of the 
preceding row to the bottom of the succeeding row as it illustrated in Figure 1. 
A cross-section of one row is depicted schematically in Figure 3, in where all the 
dimensions which we need for the simulation are presented for the collec-
tor-reflector system.  

The values of the reflector height to the collector height ratio r

c

L
L

 
 
 

 and the  



S. Y. Alsadi, Y. F. Nassar 
 

226 

 
Figure 3. Side view of one collector-reflector row, where: 1 cosc cL L S= , 

2 cosc cL X L S= − , 3 sinc cL L S= , 1 3

2

tanr
LS
L

−  
=  

 
, and 3

sinr
r

LL
S

= . 

 
reflector tilted angle ( rS ) are calculated according to the field design parameters: 

,c
c

XS
L

 
 
 

 the collector tilted angle, and distance separating the rows to the col- 

lector height ratio, respectively. According to Figure 3, the reflector tilt angle is 
given by the following formula: 

1 sin
tan

cos

c
r

c
c

SS X S
L

−

 
 
 =
 −                       

(9) 

And, the reflector to collector height ratio is calculated from the following 
formula: 

sin
sin

cr

c r

SL
L S

=
                        

(10) 

The variation of the reflector parameters , r
r

c

LS
L

 
 
 

 with respect to the solar 

field parameters ,c
c

XS
L

 
 
 

 is calculated and plotted in Figure 4. 

4. Modeling of Solar Radiation in Solar Fields Augmented  
by Plane Reflectors 

Principally, the approach discussed herewith is based on the following assump-
tions:  
1) The analysis is 2-D. This means no irradiance from the reflector is falling 

away from the sides of the collector, this assumption is acceptable for mul-
ti-rows large solar fields with very long length of the collector and reflector; 

2) The sky-diffuse irradiation is assumed to be anisotropic, and is determined 
by using view factors presented in a previous work [13], for both the collector 
and the reflector;  
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Figure 4. The values of the reflector design parameters (a): ( )rS  and (b): r

c

L
L

 
 
 

, as a 

function of the solar field design parameters ,c
c

XS
L

 
 
 

. 

 
3) The reflector surface is considered fully polished and therefore, the incident 

angle and reflect angle of the sunray are the same;  
4) The collector is able to see only the sky and the reflector surface; 
5) When the effective length ratio is greater than 5 the reflected rays considered 

parallel to the collector plane; 
6) The collector and reflector surfaces are always illuminating and there is no 

shadowing effect; 
7) The reflectivity of the reflector surface is constant and independent on the 

solar incidence angle. 
The model considers the anisotropic diffuse sky model, which includes com-

ponents of beam, diffuse irradiation, and beam and diffuse irradiation reflected 
from the reflector, as it depicted in Figure 5. The collectors are south facing 
( 0cψ =  ) and the reflectors are north facing ( 180rψ =  ). The configuration is 
considered to be of infinite length and with variable solar field design parame- 

ters ,c
c

XS
L

 
 
 

. Treating the beam components by the corresponding incident  
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Figure 5. Solar radiation components and the three solar incident angles. 

 
angles and the diffuse components by the corresponding view factors, the sum-
mation of them will be the total solar radiation incident on the collector. Now 
our aim is to calculate the following: 

1) The solar incident angles; 
2) The view factors; and 
3) The beam and sky-diffuse solar radiation components.  

4.1. The Solar Incident Angles 

There are only four independent variables for the solar field; the first two are the 

solar field design parameters ,c
c

XS
L

 
 
 

, the third is the location (latitude), and  

the fourth independent variable is, of course, the time represented in solar angles. 
From our point of view, the incident solar angle represents the connection be-
tween the solar field design parameter and the position of the sun in the sky, and 
it will be a good indicator for analysing the problem, for this reason we choose 
the incident solar angle instead of solar altitude angle which adopted by others.  

There are three incidence angles in this arrangement, those are: 
1) Incident angle from the sun to the reflector ( ,

t
i rθ );  

2) Incident angle from the reflector onto the collector ( ,
t
i r cθ → ); and 

3) Incident angle from the sun to the collector ( ,
t
i cθ ). 

The solar incident angles ,
t
i rθ  and ,

t
i cθ  are calculated from Equation (3) with 

the corresponding ( rψ , rS ) and ( cψ , cS ) for the reflector and the collector 
respectively, at the time and the location of interest. Accordingly ( ,

t
i r cθ → ) is cal-

culated from Figure 10 below: 

, 390t t
i r cθ θ→ = −                        (11) 

The incident angles have been calculated for Brack-Libya (L = 27.53˚N) at so-
lar-noon for spring equinox, and for summer and winter solstices as a function 
of the solar-field design parameters and plotted in contour manner in Figure 6, 
Figure 7, and Figure 8. As presented in the Figure 6, the incident angle of the  
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Figure 6. The solar incident angle on the collector surface ( ,

t
i cθ ). 

 

 
Figure 7. The solar incident angle on the reflector surface ( ,

t
i rθ ). 

 

 
Figure 8. The reflected solar incident angle from the reflector on the collector surface ( ,

t
i r cθ → ). 

 

collector ,
t
i cθ  is independent on the distance ratio 

c

X
L

 
 
 

 but depends only on 

the collector tilt angle cS . While, the incident angle of the reflector ,
t
i rθ  de-

pends on both parameters 
c

X
L

 and cS , because the reflector tilted angle itself 

depends on 
c

X
L

 and cS , and so the incident angle from the reflector onto the 

collector ( ,
t
i r cθ → ). 

All incident angles range 0 ,90  
  , in case of the reflected incident angle be-



S. Y. Alsadi, Y. F. Nassar 
 

230 

longs to ( , 0t
i r cθ → ≤  ) or ( , 90t

i r cθ → ≥  ) the collector interested by the beam and 
diffuse components from the sun and the sky direct to the collector and the iso-
tropic sky-diffuse reflected from the reflector only, because there are neither 
beam nor circumsolar incident on the reflector surface. Consequently the effec-
tive height ratio is set to be zero. 

4.2. View Factors Calculations 

Sky view factors for both the collector and the reflector are calculating according 
to [13]. The equations are rearranged in terms of dimensionless parameters. The 
collector-sky view factor c skyF −  and the reflector-sky view factor r skyF −  are re-
written in the following forms:

 
2

0.5 1 1 2 cosc sky s
c c c

X X XF S
L L L−

   = + − + −                

(12)

 
2 2

2 cos

2

r r r
r

c c c c c c

r sky
r

c

L L LX X X S
L L L L L L

F L
L

−

     + − + −        =

        

(13) 

Using the view factor algebra the collector-reflector view factor is: 

1c r c skyF F− −= −                        (14) 

5. Dynamic Analysis of the Collector and the Reflector 

Due to the continued change of the sun position on the sky, therefore, the solar 
radiation geometry is also changing. In this manner, we introduce five possible 
cases for the situation of the reflected beam irradiance from the reflector to the 
collector according to the concentration level. Accordingly, we illustrate the five 
cases graphically in Figure 9. In where: 
a) Zero concentration: when the reflector is blocked by the shadow of the pre-

vious row. 
b) Nonhomogeneous high-concentration: when all beam radiation incident on 

the reflector is reflected to a portion of the collector.  
c) Homogeneous normal-concentration: when all beam radiation incident on 

the reflector is reflected to the entire collector without any losses. 
d) Homogeneous low-concentration: when only a fraction of the beam radiation 

incident on the reflector is reflected to the entire collector with some radia-
tion missing outside the collector.  

e) Zero concentration: when the reflected beam radiation from the reflector is 
parallel to the collector’s plane. 

Figure 10 illustrates the dynamic analysis of all angles affecting the solar radi-
ation incident directly from the sun on both surfaces of the collector and the 
reflector and reflected irradiance from the reflector to the collector. The dif-
fuse-sky irradiances and its reflected component are independent of these angles.  
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Figure 9. The five basic situations of incidence beam solar radiation onto the reflector and the collector 
(red arrows), and reflected from the reflector onto the collector (blue arrows). 

 

 
Figure 10. The problem statement. 
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However, they are dependent on the view factors of the reflector-sky, collec-
tor-sky and collector-reflector view factors.  

Knowing the solar incident angle on the reflector ,
t
i rθ , which is a function of 

the time, day and the latitude, and according to Figure 5, one can determine the 
angles illustrated in Figure 10 from the following formulas: 

1 2 ,

3 1 2

180 90

and 180

, t t
c r i r

t t

S Sθ θ θ

θ θ θ

= − − = −

= − −

 



                
(15) 

where t is the time, which presents the dynamic situation of the problem.  
As regards the treatment of the problem we introduce a new quantity named 

“effective collector height ratio ,
t
c eff

c

L
L

 
  
 

”. This quantity is an essential indicator  

for classifying the operation regime of the collector. This parameter indicates to 
the collector portion that is illuminated by the reflected irradiance from the ref-
lector, and it is expressed as a dimensionless in the form: 

, 2

3

sin
sin

t t
c eff r

t
c c

L L
L L

θ
θ

=
                       

(16) 

In this context, this parameter is considered as a tool to determine the solar 
energy situation of the collector-reflector system. Table 2 shows these situations 
according to the effective collector height ratio. 

Figure 11 presents the variation of the effective height ratio 
12:00

,c eff

c

L
L

 with time, 

as a function of the solar field design parameters 
c

X
L

 and cS  for the spring 

equinox, summer and winter solstices, at the solar-noon for latitude of 27˚. 
Analysing Figure 11 in conjunction with Figure 4 and Figure 10, one can 

realize that curves can be divided into two parts, the first one is, for 1.5
c

X
L

=  and  

 
Table 2. Classification of the solar collector situation according to the effective collector 

height ratio ,
t
c eff

c

L
L

 
  
 

. 

Situation of Case Illustration 

, 0
t
c eff

c

L
L

≤  A zero concentration (shading from the previous row) 

,0 1
t
c eff

c

L
L

< <  B nonhomogeneous high concentration 

, 1
t
c eff

c

L
L

=  C homogeneous normal concentration 

, 1
t
c eff

c

L
L

>  D homogeneous low-concentration 

, 1
t
c eff

c

L
L

  E zero concentration (reflected irradiance parallel to the collector plane) 
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Figure 11. Effective height ratio at solar-noon as a function of the solar field design parameters for the day 21st of every month, for 
latitude of 27.53˚N. 
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2.0 when the collector tilt angle 40cS ≤  , the reflector tilt angle rS  is increasing 
with increasing cS , when the sun is far away on the southern hemisphere in 
winter season, beginnings of spring and autumn ends the incident angle ,

t
i rθ  on 

the reflector is wide this leads to increase the value of the angle 2
tθ  accordingly 

the value of 3
tθ  is growing then we get a positive values for the effective height  

ratio , 0
t
c eff

c

L
L

≥ , vice versa for the summer season. With the same manner for the 

rest region of 40cS >  , the value of rS  is decreasing with increasing of cS  this 

leads to increase the value of the ,
t
i rθ  this will increase the opportunity of the 

positive values for the effective height ratio , 0
t
c eff

c

L
L

≥ .  

Since all angles and view factors are determined, it is now possible to estimate 
the solar radiation incident on the reflector and the collector. 

6. Solar Radiation Components Calculation 

According to the above mentioned analysis, the definition of all irradiances ( ,
t
c TI ) 

that strike the collector’s surface, may be expressed as: 

( ) ( ),
, , , 1

t
c efft t t t t t t tr r

c T b i d b c r b r c i d c sky r r sky c r
c c c

LL LI I A I R R A I F F F
L L L→ − − −

   
= + + + − +   

    
  (17) 

where: the geometric factors ,
,

cos
cos

t
i ct

b c t
z

R
θ
θ

=  and ,
,

cos
cos

t
i r ct

b r c t
z

R
θ
θ
→

→ = , and r  is 

the reflectivity of the reflector. 

In cases (A and E) the ratio ,
t
c eff

c

L
L

 
  
 

 is set to be zero, which means the col- 

lector has not be received reflected beam and circumsolar irradiation and it has 
be received only isotropic diffuse from the reflector. 

7. Results and Discussion 

An MsExcel sheet has been prepared in order to calculate all variables involving 
in the simulation process. Table 3 presents the input variables and their values. 

 
Table 3. The input parameters and variables included in the MsExcel sheet. 

Parameter or variable Value 

Latitude angle, L 27˚N 

Optimum single surface tilted angle (reference) 30˚ 

Distance separating ratio, cX L  1.0, 1.5, and 2.0 

Solar collector tilt angle, cS  10˚, 20˚, …, 90˚ 

Ground reflectivity, g  0.5 

Reflector reflectivity, r  0.9 

Collector azimuth angle, cψ  0˚ (south facing) 

Reflector azimuth angle, rψ  180˚ (north facing) 



S. Y. Alsadi, Y. F. Nassar 
 

235 

The results have been obtained for a site (Brack –Libya) locates on latitude an-
gle of 27.53˚N and longitude angle of 14.28˚E.  

Applying Equation (17) to calculate the total solar radiation incident on the 
collector, the results obtained were plotted in Figure 12. The solar field design  

parameter ,c
c

XS
L

 
 
 

 have been varied in order to see the effect of these parame- 

ters on the performance of the solar field that employed reflectors. Figure 12 
shows the theoretical predictions of the hourly variations of the total solar radia-
tion incident on the solar collector employed plane reflector for Brack El-Shati  

site at spring equinox and the solstices with distance ratio 
c

X
L

 = 1, 1.5, and 2  

[m]. The behaviour of the solar incident angle ( ,cos t
i rθ ) on the reflector presents 

the key for understanding the process. When ( ,
t
i rθ ) is large (see Figure 7) and  

 

 
Figure 12. Hourly total solar radiation incident on a solar collector employed a flat reflector for spring equinox and for summer and 
winter solstices for various solar field design parameters. 
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Figure 13. Percentage of solar energy collection improvement with respect to a single col-
lector tilted to optimum tilt angle which equal to 30˚ according to [12], for Brack El-Shati- 
Libya.  

 
that occurred when the sun on the southern hemisphere during the winter sols-
tice and also during the spring and fall equinoxes the opportunity of high con-
centration is large case (A, B and even D) and the effective height ratio is less than 
unity. While- in contrast- during the summer solstice, the sun is high in the sky 
dome and ( ,

t
i rθ ) is small, the effective height ratio is relatively bigger and the re-

flected energy tended to fail outside of the collector’s area (cases C and E), as it 
evident from Figure 11.  

The annual enhancement percentage in solar energy collection with respect to 
a single surface tilted angle 30˚ is depicted in Figure 13 for Brack El-Shati site. It 
is evidence from the Figure 13 that the optimum tilted angle of the collectors is 
increased with increasing the distance ratio; this relation can be established as a 
polynomial of fourth order with 2 1.0R =  by using MSExcel program: 

4 3 2

. 225 1448.3 3417.8 3534.9 1316.5c opt
c c c c

X X X XS
L L L L

       
= − + − + −       

          
(18) 

The obtained results show that, the annual solar energy collection increases by 
72% for solar collector tilt angle of 70˚ and decreases by 4% for collector tilt angle  

of 10˚, when the distance separating the rows ratio 
c

X
L

 
 
 

 is 2.0. While when the 

ratio 
c

X
L

 
 
 

 equal to 1.5. The maximum increase in solar energy collection was 

32.7% for solar collector tilt angle of 60˚ and decreases about 8.6% for solar col-

lector tilt angle of 90˚. The situation was dramatic for 
c

X
L

 
 
 

 equal to 1.0; there 

is no improvement in the performance of the collector. 
In the synoptic Figure 14 the improvement of solar radiation due to the plane 

reflector in solar field are depicted as a function of the solar field design parame-
ters ( CS  and cX L ) and for many latitudes in the Northern hemisphere. The 
importance of the Figure 14 is, one able to determine the optimum solar collector  
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Figure 14. The obtained improvement of solar radiation vs. the solar field design parameters ( CS  and cX L ) for various latitudes 
on the Northern hemisphere.  
 

tilted angle ( CS ) and the required distance ratio ( cX L ) to achieve the intended 
percentage of improvement for any latitude. As it depicted in the Figure 14, the 
percentage improvement of solar radiation regarding to the latitude angle is vir-
tually constant. The optimum collector tilt angle is relatively high for large dis-
tance ratio ( cX L ) and tended to decrease with reduction in ( cX L ). The ob-
tained results show that, there is no improvement from the reflector when the 
distance ratio 1.2cX L < , and we need an economic investigation to determine 
the benefits from the reflectors in solar fields.  
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Figure 15. Z-axis presents the optimum collector tilted angle ( ). ,c opt cS L X L  vs. x-axis presents the latitude angle (L) and y-axis 

presents the distance separating ratio ( cX L ), and the polynomial that fits these three variables (table from the lift side).  
 

The optimum tilted angle of the collector for any latitude angle on the North-
ern hemisphere associated to the solar field design parameters ( CS  and cX L ) 
is presented in Figure 15. A polynomial that fits these variables has been obtained 
by using MATLAB program and attached with the left side of Figure 15. 

8. Conclusions 

From our knowledge the solar radiation in stationary flat-solar fields is less than 5% 
than that in a single solar collector. This reduction in solar radiation is mainly 
due to the variation of the view factors of the solar field with respect to a single 
solar collector. A further 5% reduction in solar energy will occur due to the sha-
dowing. A significant augmentation of solar radiation received by the collector 
surface reached to 75% by using plane reflectors with a distance separating ratio 

2.0cX L = , and reached to 35% when 1.5cX L = . The solar field design para-
meters ( CS  and cX L ) are playing crucial role in the augmentation process, in 
addition, the results show that the percentage improvement in solar radiation is 
independent on the latitude angle and the optimum solar collector tilt angle 
is—almost—for all latitudes are the same. Nonhomogeneous solar radiation dis-
tribution through the collector issues appears during the day which is presented a 
serious problem especially in the case of the PV panel solar field.  

The results were obtained by this work significantly coincident with previous 
experimental results carried by others (such as [5] [7]), which makes us confident 
in recommending the use of the proposed approach for the design and optimiza-
tion purposes of solar fields. 

9. Recommendations 

Further investigation must be followed to examine the effects of the inhomoge-
neous solar radiation distribution through the solar collector on the electrical 
performance of the PV solar fields. As it is shown in this work, the operation re- 

gime of the solar collector is almost located in the case “A” where , 1.0c eff

c

L
L

< , the  
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PV panels will suffer from the variation of solar radiation distribution. An eco-
nomic study is recommended in order to determine the benefits of utilization of 
plane reflectors in solar fields of PV panels. Furthermore, the assumption that the 
output is proportional to irradiation will probably overestimate the output from 
PV modules with reflectors, since increased irradiation from the reflector in-
creases the module temperature. 
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